Attorney Docket 29250-001091 /US 
Lucent Ref: 126085 /M Moerz 2 



ANALOG DECODING METHOD AND DECODER 

BACKGROUND OF THE INVENTION 

q 1 . Field of the Invention 

[0001] The present invention relates in general to an analog 
decoding method and decoder. 

2. Description of Related Art 

[0002] Channel coding is used in many communication systems. As 
a general trend, encoding techniques become more complex to 
facilitate a variety of desirable applications, such as high speed 
downlink packet access (for example). It is therefore necessary to 
provide appropriate decoding hardware. 

[0003] A channel decoder is commonly implemented in the digital 
domain. There are two types of digital decoders. The first digital 
decoder implements an optimal decoding technique (or "APP" 
decoding) in which symbol error probability is minimized. The APP 
decoder for a trellis code performs a forward (or "alpha") recursion 
starting at the beginning of the code block (code trellis) and a 
backward (or "beta") recursion starting at the end of the code block 
(code trellis). The decoder output is calculated based on the results of 
the two recursions. 
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[0004] The second digital decoder implements a suboptimal 
decoding technique (or "sliding window" decoding). The sliding 
window decoder performs the same basic operations as the APP 
decoder, however, the sliding window decoder works on sub-blocks (or 
windows) of the overall code block. Since the backward recursion 
starts at the end of a window (rather than the end of the overall code 
block), a stabilization length is necessary (so that the backward 
recursion closely approximates the true values) before the decoder 
output can be calculated. As compared to an APP decoder, the sliding 
window decoder reduces both decoding delay and storage 
requirements. 

[0005] Decoding solutions have also been implemented in the 
analog domain. Known analog decoders have a tailbiting structure in 
which the beginning and the end of the code trellis are connected 
together. These existing decoder implementations build the complete 
code trellis with analog circuitry. That is, the ring size of the analog 
decoder is equal to the overall block length of the code to be decoded. 
The applied signals travel around the tailbiting trellis freely until a 
stable state is reached. 

[0006] Although conventional decoders aire generally thought to be 
acceptable, they are not without shortcomings. For example, the 
analog decoder outperforms the digital decoders, and would therefore 
seem to be an ideal candidate for high speed applications. However, 
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the complexity of the analog circuit grows linearly with the block 
length of the code since the whole code trellis is mapped onto the 
analog circuit. Thus, the analog decoder has been limited to 
applications involving relatively short and simple codes. Another 
problem is that a particular analog decoder can only be used for a 
fixed coding scheme (i.e., block length, rate, memory, and interleaver). 

SUMMARY OF THE INVENTION 
[00071 The present invention provides an analog decoder that 
implements a fraction of the overall block length of the code trellis and 
thus significantly reduces circuit complexity. Furthermore, a single 
decoder core may be used for various block lengths. 
[0008] In one exemplary embodiment, the analog decoder includes a 
controller and an analog decoder core. The analog decoder core has 
an input with an input length that is shorter than a code length of the 
code data. The controller performs an apply operation prior to a 
plurality of read operations. In so doing, the controller applies a 
portion of the code data to the analog decoder core, then reads 
decoded data from the analog decoder core, then applies another 
portion of the code data (updated code data) to the analog decoder 
core. The updated code data overwrites code data previously applied. 
[0009] In another exemplary embodiment, the analog decoder 
includes a controller and a plurality of analog decoder cores. Here, 
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each of the analog decoder cores has an input with an input length 
that is shorter than a code length of the code data. The controller 
applies a portion of the code data to each of the analog decoder cores. 
The controller then reads decoded data from each of the analog 
decoder cores. The decoded data read from each of the analog decoder 
cores is based on different portions of the applied code data. In this 
way, the decoding process may be carried out in parallel. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] The present invention will become more fully understood 
from the detailed description below and the accompanying drawings, 
wherein like elements are represented by like reference numerals, 
which are given by way of illustration only and thus are not limiting of 
the present invention and wherein: 

[0011] Fig. 1 is a schematic illustration of an analog decoder 
according to an exemplary embodiment of the present invention; 
[0012] Fig. 2 is a schematic illustration of the decoding technique 
for a terminated convolutional code performed by the analog decoder 
depicted in Fig. 1 ; 

[0013] Fig. 3 is a schematic illustration of an analog decoder 
according to another exemplary embodiment of the present invention; 
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[0014] Fig. 4 is a schematic illustration of a parallel decoding 
technique for a terminated convolutional code performed by the 
analog decoder depicted in Fig. 3; 

[0015] Fig. 5 is a schematic illustrations of a conventional APP 
decoding technique for a terminated convolutional code; 
[0016] Fig. 6 is a schematic illustration of a conventional sliding 
window decoding technique for a terminated convolutional code; 
[0017] Fig. 7 is a schematic illustration of a generalized sliding 
window decoding technique as applied to an arbitrary window of a 
terminated convolutional code; 

[0018] Fig. 8 is a schematic illustration of a suboptimal APP 
decoding technique as applied to a tailbiting convolutional code; and 
[0019] Fig. 9 is a schematic illustration of circular trellis structure 
in which the beginning and the end of the code trellis are connected 
together. 



DETAILED DESCRIPTION OF EMBODIMENTS 

[0020] To facilitate understanding of the present invention, the 
following description is presented in three sections. Section I 
discusses two conventional decoding techniques inclusive of (A) a 
posteriori probability ("APP") decoding and (B) sliding window 
decoding. Section II presents a generalized sliding window decoding 
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technique as applied to (A) terminated convolutlonal codes and (B) 
tallblting convolution codes, and in subpart (C) introduces a tailbiting 
trellis structure. Section in presents two exemplary, non-limiting 
embodiments of the invention inclusive of (A) a single core - iterative 
decoding embodiment and (B) a multiple core - parallel decoding 
embodiment. 

[0021] Unless otherwise stated, sections I, II, and III are discussed 
in view of the following considerations: a rate Vi convolutional 
encoder with memory m and constraint length m + 1 , where N info 
bits are encoded into a code word of length 2N; and the trellis of the 
code is terminated using 2m additional bits. Typically (but certainly 
not in all cases), the termination of the code is implemented by 
starting the encoder in the all zero state and ending the encoder in the 
all zero state. 

[0022] I. Conventional Decoding of Convolutional Codes: 
[0023] The APP and sliding window decoding techniques are well 
known in this art, and therefore only a brief description of each 
technique is provided. 
[0024] A. APP Decoding: 

[0025] APP decoding, which is also known as the BCJR algorithm, 
may be considered as an "optimal" technique for decoding 
convolutional codes since it minimizes the symbol error probability. 
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[0026] The decoder output for an info bit at an instant in time is 
given in terms of a log-likelihood ratio. And, for a memoiyless 
transmission channel (for example), independent variables inclusive of 
a values and p values can be defined and used to deteraiine the log- 
likelihood ratios. The a values are calculated in a forward recursion 
starting from the beginning of the trellis, while the p values are 
calculated in a backward recursion starting from the end of the trellis. 
[0027] If it is assumed that the encoder starts in the all zero state 
and also ends in the all zero state due to the terniination of the code, 
then the a and the p recursions may be initialized with oto(0) = 1 and 
pN+m(0) = 1. That is, both recursions may be initialized with 100% 
certainty since (due to the code trellis being terminated) information is 
known about the distribution of the initial a and p values at the 
beginning and end, respectively, of the code trellis. 

[0028] The a and p recursions are schematically illustrated in Fig. 5. 
As shown in Fig. 5, the a recursion can start immediately after the 
first channel values are received. However, the p recursion, and 
therefore the calculation of the decoder output, must be delayed until 
the whole block of 2(N+m) channel values has been received. 
[0029] On the one hand, the APP decoding technique algorithm 
generally provides superior performance in terms of output accuracy. 
On the other hand, it introduces a considerable amount of decoding 
delay when the block size of the code is large. Furthermore, the 



Attorney Docket: 29250-00 1091 /US 
Lucent Ref: 1 26085 /M Moerz 2 



sequence of all channel values and a values needs to be stored along 
the trellis, which consumes a significant amount of memory. 
[0030] B. Sliding Window Decoding: 

[0031] The sliding window technique, which has conventionally 
been implemented using a digital decoder core, reduces decoding 
delay and storage requirements. With reference to Fig. 6, the sliding 
window technique involves dividing the overall code block into smaller 
sub-blocks (or windows). Each window may have a length of W trellis 
sections that is significantly smaller than the N trellis sections. 
[0032] As shown in Fig. 6, the a recursion starts from the beginning 
of the trellis (i.e., the first trellis section of the first window), while the 
P recursion starts from the last trellis section of the first window. 
Thus, the p recursion may begin earlier, as compared to that of the 
APP technique described above. 

[0033] The a recursion may be initialized with 100% certainty due 
the code being terminated, as discussed above with respect to the APP 
decoding technique. However, the p recursion can not be initialized 
with 100% certainty due to a lack of information about the 
distribution of the p values at the end of the first window. 
Conventionally, therefore, the p recursion is initialized (albeit with 
some uncertainty) using a uniform distribution (i.e., pw = (l/2 m , l/2 m , 
... l/2 m )) or setting Pw= aw. Notwithstanding the uncertainty of the p 
recursion initialization, it is well known in this art that the backward 
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recursion closely approximates the exact (3 distribution after a 
stabilization length L of five to six times the constraint length of the 
code. 

[0034] Once the first window has been decoded, the decoder window 
is shifted by D trellis sections to decode the next widow. In so doing, 
the last a value from the previous window is propagated into the new 
window to continue the forward recursion in the new window. The p 
recursion is performed using uncertain initialization values and a 
stabilization length L, as described with respect to the first window. 
[0035] The advantages of the sliding window technique are that the 
decoder output can be calculated for D = W - L trellis sections (info 
bits) within each window, thereby reducing decoding delay 
significantly for large overall code block lengths. Further, the channel 
values need to be stored for only a single window, and the a values 
need to be stored for only D trellis sections, thereby decreasing 
memory usage significantly. However, these advantages are achieved 
at the expense of computational overhead introduced by the additional 
stabilization length L required for the p recursion within each window. 
[0036] It will be appreciated that the conventional sliding window 
algorithm requires a stabilization length only for the p recursion, while 
the a recursion is calculated exactly as in the APP decoder. That is, 
the a recursion does not require a stabilization length L due to the 
known distribution of the a values at the beginning of the trellis. 
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[0037] II. Generalized Sliding Window Decoding Technique: 
[0038] A. Applied to Terminated Codes: 

[0039] The sliding window idea may be generalized and applied to a 
situation that presents an arbitrary window of W trellis sections. The 
window is characterized as "arbitrary" because no information is 
available about the distribution of the a values at the beginning of the 
window (or the p values at the end of the window). Due to the lack of 
such information, a stabilization length of L trellis sections is 
necessary for both the forward and the backward recursions. 
[0040] With reference to Fig. 7, the two stabilization lengths result 
in D = W - 2L trellis sections (info bits) being decoded within each 
window. However, there are two exceptions. Namely, the first window 
and the last window may decode D + L trellis sections (info bits), as 
shown in Fig. 7. This is because each of the first and the last 
windows require only one stabilization length L due to the known 
distributions cto(O) = 1 at the beginning of the trellis and PN+m(0) = 1 at 
the end of the trellis. Again, the distributions at the beginning and 
the end of the trellis are known by virtue of the code being terminated. 
[0041] B. Applied to Tailbiting Codes: 

[0042] It is well known in this art that the generalized sliding 
window decoding technique can be used to perform suboptimal APP 
decoding of tailbiting convolutional codes. APP decoding of tailbiting 
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convolutional codes is roughly 2 m times more complex than APP 
decoding of terminated codes. 

[0043] In a tailbiting code, the state at the beginning and the end of 
the trellis is not necessarily the first (all zero) state. Instead, any state 
is possible with the only constraint being that the first and the last 
state in the trellis is the same for all code words in the set. An 
advantage of tailbiting codes is that no termination bits are required 
(and therefore no rate loss occurs) and all code bits are protected 
equally, which is not the case in a truncated code trellis. 
[0044] Typically, the block length of a tailbiting code is rather small 
compared to the window size of a sliding window decoder. So for the 
moment, consider a scenario in which one window is required to 
decode the overall code block. That is, assume that the length of the 
tailbiting trellis is W T = D = W - 2L. 

[0045] With reference to Fig. 8, the overall decoding window of size 
W is obtained by adding the first L trellis sections of the tailbiting code 
to the end of the trellis, and adding the last L trellis sections of the 
tailbiting code to the beginning of the trellis. These additional trellis 
sections (at the beginning and the end of the tailbiting code) provide 
the necessary stabilization lengths of L trellis sections for both the 
forward and the backward recursions. The recursions are initialized, 
for example, with a uniform distribution (i.e., oco = pw = (l/2 m , l/2 m , 



11 



Attorney Docket: 29250-00 1091 /US 
Lucent Ref: 1 26085 /M Moerz 2 

l/2 m )), and the overall block of D trellis sections (info bits) can be 
decoded. 

[0046] C. The Tailbiting Trellis Structure: 

[0047] Instead of using a window of size W (as shown in Fig. 8), an 
equivalent smaller circular trellis structure of size Wt = D = W - 2L 
could be used, as shown in Fig. 9. In the ring structure shown in Fig. 
9, the beginning and the end of the trellis are connected together, 
thereby forming a "tailbiting" trellis. By virtue of the tailbiting trellis, 
the required stabilization lengths at the beginning and the ends of the 
window are automatically provided. The recursions are now 
performed on the tailbiting trellis and both recursions overlap by L 
trellis sections. 

[0048] For very short tailbiting codes in combination with a high 
encoder memory, the required stabilization length L (five to six times 
the constraint length) can be similar in size (or even bigger) as the 
block length of the tailbiting code, which could result in the a and the 
P recursions wrapping several times around the tailbiting trellis. This 
algorithm is therefore also referred to as the wrap-around decoding 
algorithm. 

[0049] In this art, it is conventional to use analog decoders to 
implement a circular (or ring shaped) trellis structure for both the 
forward and backward recursions. However, according to convention, 
the stabilization length is not limited to L trellis sections, and the 
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recursions do not start with a uniform distribution of the a and the p 
values. Instead, the signals travel around the tailbiting trellis freely 
until a stable state is reached. Thus far, existing decoder 
implementations build the complete code trellis with analog circuitry. 
This prohibits the building of decoders for larger and therefore more 
interesting codes since complexity, and similarly the chip size, grow 
linearly with the block length. 

[0050] III. The Analog Sliding Window Decoder: 

[0051] From a structural standpoint, the analog sliding window 
decoder of the present invention employs the ring structure of a 
conventional, analog tailbiting convolutional decoder. However, in 
contrast to conventional wisdom, only a fraction (i.e., a window of size 
W trellis sections) of the overall N trellis sections is implemented. This 
is advantageous in terms of circuit complexity and/or decoding speed, 
especially for those codes (either terminated or tailbiting) with large 
block lengths. 

[0052] As discussed above, unless otherwise stated, the description 
is based on the following considerations: a rate Vi convolutional 
encoder with memory m and constraint length m + 1 , where N info 
bits are encoded into a code word of length 2N; and the trellis of the 
code is terminated using 2m additional bits. 
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[0053] A. Single Core Embodiment: 

[0054] Fig. 1 illustrates an exemplary, non-limiting embodiment of 
the invention. Here, the analog decoder is schematically shown as 
having a controller 10 and a single analog decoder core 12. The 
controller 10 is operatively connected to inputs (labeled "code in") and 
outputs (labeled "code out") of the analog decoder core 12. Optionally, 
the controller may also be connected to internal nodes of the analog 
decoder core. 

[0055] The physical connections between the controller and the 
analog decoder core may be provided via pins, wirings, and/or 
conductive line. However, many alternative connections will be readily 
apparent from this description, and therefore a detailed description of 
the same is omitted. 

[0056] It will be appreciated that the controller 10 and the analog 
decoder core 12 may be physically implemented as a single component 
(e.g., a single chip) or a plurality of separate and distinct components. 
[0057] The functioning of the decoder core will be appreciated with 
reference to Figs. 2(a)-2(c), which provide a graphical representation of 
the analog decoder core 12 using a conventional diagramming 
technique. According to this convention, the circle itself represents 
the circuit implementation of a tailbiting trellis structure, and points 
on the circle (i.e., the portions of the circle at the heads of the radial 
inwardly directed arrows or the portions of the circle at the tails of the 
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radial outwardly directed arrows) represent the inputs and outputs of 
the circuit. Thus, in discussing the application of data to or reading 
data from the analog decoder core 12, a direction (e.g., clockwise) may 
be given to provide an indication of the inputs and outputs being 
accessed by the controller 10. 

[0058] Assume that D = L = W/3, where D is a decoding length, L is 
a stabilization length, and W is the total input length (window size) of 
the analog decoder core 12. It is to be appreciated that L is set equal 
to D for ease of exposition, but the invention is not so limited. For 
example, L may be set less than (or greater than) D. 
[0059] Initially, as shown in the upper part of Fig. 2(a), the 
controller 10 applies channel values corresponding to the first W 
trellis sections of the code. The channel values 1 to W are applied via 
the inputs "code in" of the analog decoder core 12. 
[0060] Since the code is terminated, the controller 10 now controls 
the forward recursion in a way that it starts in a known state (e.g., the 
all-zero state). This initialization may be implemented, for example, 
via the controller applying appropriate values to the internal nodes of 
the decoder core. Alternatively, the initialization may be achieved via 
the controller 10 applying a set of values to the inputs "code in" before 
applying the channel values 1 to W. 

[0061] After a settling time of the analog decoder core 12, and with 
reference to the lower part of Fig. 2(a), the controller 10 reads out (via 
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the outputs "code out") the first W - L decoded information bits from 
the analog decoder core 12. Typically, only D = W - 2L information 
bits would be read out from the analog decoder core 12. However, 
when initialized, W-L values may be read out. 

[0062] Fig. 2(b) depicts the decoding of the second window. The 
upper part of Fig. 2(b) shows the controller 10 applying channel 
values corresponding to the next D = W - 2L trellis sections of the 
code. The channel values are applied clockwise in a way that the D 
sections of the analog decoder core 12 are overwritten starting where 
the previous apply operation left off. 

[0063] After the settling time of the analog decoder core 12, and 
with reference to the lower part of Fig. 2(b), the controller 10 reads out 
another D decoded information bits from the analog decoder core 12. 
It will be appreciated that the analog decoder core output is read out L 
sections behind the updated analog decoder core input, which (as 
shown in Figs 2(a)-2(c)) progresses in the clockwise direction. This 
staggered output is attributable to the stabilization length L of the 
backward recursion using the updated decoder input. The decoding 
process continues in this way until the end of the overall code block is 
reached. 

[0064] Fig. 2(c) depicts the decoding of the last window, where the 
end of the terminated code has been reached. For ease of exposition, 
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but not as a limitation of the invention, it is assumed that the block 
length is a multiple of the decoding width D (and D = L). 
[0065] As shown in the upper part of Fig. 2(c), the channel values 
corresponding to the last D = W - 2L trellis sections of the code are 
applied to the analog decoder core 12. Here, the controller 10 
initializes the backward recursion so that it starts in the last encoder 
state (e.g., the all-zero state). This initialization may be implemented 
by the controller in a fashion similar to that noted above with respect 
to the forward recursion initialization. 

[0066] As a result of the initialization, after the settling time of the 
decoder core, and with reference to the lower part of Fig. 2(c), the 
controller 10 reads out the remaining D + L decoded information bits 
from the analog decoder core 12. The last L information bits may be 
read out since no stabilization length is required for the backward 
recursion at the end of the code block due the termination of the code 
and due to the initialization of the analog decoder core 12. 
[0067] It will be appreciated that analog sliding window decoding of 
a tailbiting convolution code works similarly. However, no 
initialization is required and a stabilization length will be necessary at 
the beginning and the end of trellis. 

[0068] B. Multiple Core Embodiment - Parallel Decoding: 
[0069] Fig. 3 illustrates another exemplary, non-limiting 
embodiment of the invention. Here, the analog decoder is 
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schematically shown as having a controller 10 and a plurality of 
analog decoder cores ADCi...n. The controller 10 is operatively 
connected to inputs CIi...n and outputs COi.n of the analog decoder 
cores ADCi . n. Optionally, the controller 10 may also be connected to 
internal nodes INi ...n of the analog decoder cores ADCi.n. 
[0070] As in the previous embodiment, the physical connections 
between the controller 10 and the analog decoder cores may be 
provided via pins, wirings, and/or conductive lines. However, many 
alternative connections are well known in this art, and therefore a 
detailed description of the same is omitted. Further, the controller 10 
and the analog decoder cores may be physically implemented as a 
single component (e.g., single chip) or a plurality of separate and 
distinct components. 

[0071] The functioning of the analog decoder cores will be 
appreciated with reference to Fig. 4. Here, as in the first embodiment, 
assume that a terminated convolutional code is to be decoded. Also 
assume that D = L = W/3. For ease of exposition, assume that that 
the block length is a multiple of the decoding width D (and D = L). It 
will be appreciated, however that the invention is not so limited. 
[0072] As shown in the upper most part of Fig. 4, the code has a 
block length that is fives times the decoding width D = Ai = A2 = A3 = 
A4 = A5. 
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[0073] The controller 10 loads a portion of the code data onto each 
of the analog decoder cores as shown in the middle part of Fig. 4. 
Specifically, with respect to the analog decoder core ADCi, the 
controller 10 applies channel values corresponding to the Ai, A2 and 
A3 trellis sections of the code. With respect to the analog decoder core 
ADC2, the controller 10 applies channel values corresponding to the 
A2, A3 and A4 trellis sections of the code. And with respect to the 
analog decoder core ADC3, the controller 10 applies channel values 
corresponding to the A3, A4 and A5 trellis sections of the code. All of 
the channel values are applied via the inputs CI1...N of the respective 
analog decoder cores ADCi...n in a clockwise direction. 
[0074] Since the code is terminated, the controller 10 controls the 
forward recursion of the analog decoder core ADCi in a way that it 
starts in a known first state (e.g., the all-zero state). This initialization 
may be implemented, for example, via the controller 10 applying 
appropriate values to the internal nodes INi of the analog decoder core 
ADCi. Alternatively, the initialization may be achieved via the 
controller 10 applying a set of values to the inputs CIi before applying 
the channel values 1 to A3. Also, the controller 10 initializes the 
backward recursion of the analog decoder core ADC3 so that it starts 
in the last encoder state (i.e., the all-zero state). This initialization 
may be implemented by the controller 10 in a fashion similar to that 
noted above with respect to the forward recursion initialization. 
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[00751 After a settling time of the decoder cores, the controller 10 
reads out (via the outputs COi...n) decoded information Oi - Os from 
the analog decoder cores as shown in the lower part of Fig. 4. 
Specifically, the controller 10 reads out the first W - L decoded 
information bits from the decoder core ADCi. As in the previous 
embodiment, the first L (Ai) information bits may be read out since no 
stabilization length is required for the forward recursion at the 
beginning of the code block due to the initialization of the analog 
decoder core ADCi. Thus, the decoder output Oi - O2 is based on the 
input of the Ai, through A3 trellis sections of the code. 
[0076] The controller 10 also reads out D = W - 2L decoded 
information bits from the decoder core ADC2. Here, both the forward 
and the backward recursions require a stabilization length L. Thus, 
the analog decoder core output O3 is based on the input of the A2 
through A4 trellis sections of the code. 

[0077] The controller 10 also reads out the last D + L decoded 
information bits from the decoder core ADC3. The last L (A5) 
information bits may be read out since no stabilization length is 
required for the backward recursion at the end of the code block due 
the termination of the code and due to the initialization of the analog 
decoder core ADC3. Thus, the analog decoder core output O4 - O5 is 
based on the input of the A3 through the A5 trellis sections of the code. 
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[0078] It will be appreciated that analog sliding window decoding of 
a tailbiting convolution code works similarly. However, no 
initialization is required and a stabilization length will be necessary at 
the beginning and the end of trellis. 

[0079] Numerous features of the invention including various and 
novel details of construction and combination of parts have been 
particularly described with reference to the accompanying drawings 
and pointed out in the claims. It will be understood that the 
particular analog sliding window decoding core and decoding method 
embodying the invention is shown by way of illustration only and not 
as a limitations of the invention. The principles and features of this 
invention may be employed in varied and numerous embodiments 
without departing from the scope of the invention. 
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